Human umbilical cord blood (HUCB) cell therapies have shown promising results in reducing brain infarct volume and most importantly in improving neurobehavioral function in rat permanent middle cerebral artery occlusion, a model of stroke. In this study, we examined the gene expression profile in neurons subjected to oxygen-glucose deprivation (OGD) with or without HUCB treatment and identified signaling pathways (Akt/MAPK) important in eliciting HUCB-mediated neuroprotective responses. Gene chip microarray analysis was performed using RNA samples extracted from the neuronal cell cultures from four experimental groups: normoxia, normoxia + HUCB, OGD, and OGD + HUCB. Both quantitative RT-PCR and immunohistochemistry were carried out to verify the microarray results. Using the Genomatix software program, promoter regions of selected genes were compared to reveal common transcription factor-binding sites and, subsequently, signal transduction pathways. Under OGD condition, HUCB cells significantly reduced neuronal loss from 68% to 44% [one-way ANOVA, F(3, 16) = 11, p = 0.0003]. Microarray analysis identified mRNA expression of Prdx5, Vcam1, CCL20, Alcam, and Pax6 as being significantly altered by HUCB cell treatment. Inhibition of the Akt pathway significantly abolished the neuroprotective effect of HUCB cells [one-way ANOVA, F(3, 11) = 8.663, p = 0.0031]. Our observations show that HUCB neuroprotection is dependent on the activation of the Akt signaling pathway that increases transcription of the Prdx5 gene. We concluded that HUCB cell therapy would be a promising treatment for stroke and other forms of brain injury by modifying acute gene expression to promote neural cell protection.
INTRODUCTION
Stroke is the fourth leading cause of death and the leading cause of disability in the US today. Even so, there remains only one available treatment option (76). Inflammation is generally recognized as the major effector in the pathological progression of stroke (11, 30, 63, 66, 83) , and enormous progress has been made toward identifying the roles of important immune-inflammatory signaling molecules, cells, and proteins in the process of initiation and development of postischemic inflammation (24) . Over the past decade, there have been considerable developments in the area of human umbilical cord blood (HUCB) cell research and stem cell transplantation as a therapy for stroke. Intravenous administration of HUCB cells has been shown to exert therapeutic effects in animal models of stroke (12, 65, 79, 82, 84) as well as other neurodegenerative diseases (42, 56, 68) . The mechanism underlying the structural and functional improvement and the cellular effects causing the observed benefits are not fully understood (54, 78) . It is has been shown that these neural cell protective effects of HUCB cells are mediated through releasing trophic factors (13, 28, 65) .
Our laboratory and others have demonstrated the significance of the Akt pathway in eliciting the cellular protection response of HUCB cells to a stressed environment (9, 17, 18, 46) . Activation of both MAPK/Erk and Akt is known to be important in cell survival while the Akt pathway was found to be more important in inhibiting apoptosis (48, 51, 93) . When HUCB cells are administered 48 h after a permanent middle cerebral artery occlusion (MCAO), apoptosis is significantly decreased (53). We have shown previously that soluble factors released from HUCB cells induce genes and protein expression that promote cell survival in oligodendrocytes, reduce oxidative stress, and alter inflammatory signaling. These factors converge on Akt phosphorylation to enhance peroxiredoxin 4 (Prx4) protein expression in ischemic white matter (65). The main goal of this study was to identify HUCB-induced neuronal genes associated with cellular survival. We have profiled gene expression in neurons exposed to HUCB treatment subsequent to oxygen-glucose deprivation (OGD) and have determined signaling pathways related to cellular survival. We have utilized both in vitro and in vivo models to examine whether HUCB cells are dependent on Akt/MAPK for their neuroprotective responses. Thus, the results from this study will provide evidence for how soluble factors secreted by HUCB cells induce critical signaling pathways in neurons that result in enhanced cellular survival after ischemia.
MATERIALS AND METHODS

Primary Neuron Culture
Primary neurons were isolated from E18 SpragueDawley rat embryos (Harlan Laboratories, Indianapolis, IN, USA). Rat pups were euthanized and were placed in ice-cold isotonic solution [composition (g/L): NaCl, 8; KCl, 0.4; KH 2 PO 4 , 0.03; glucose, 0.1; and sucrose, 20.2; in dH 2 O at pH 7.4; all components from SigmaAldrich, St. Louis, MO, USA]. After removing meninges and blood vessels, brains were placed in an isotonic solution of 0.25% trypsin-EDTA (Cellgro #25-053-CI; Mediatech, Manassas, VA, USA) at 37°C for 10 min to disrupt the connective tissue. Trypsinization was then stopped using DMEM complete [DMEM+10% fetal calf serum + antibiotic-antimycotic (Invitrogen, Carlsbad, CA, USA)], and triturated through a fire-polished Pasteur pipette (Fisher Scientific, Waltham, MA, USA) until the solution became much more uniform. Supernatant was aspirated into another tube and centrifuged at 126 × g (1,500 rpm) for 10 min and then resuspended in DMEM complete. The cells were plated at 2.5 × 10 5 cell/cm 2 onto poly-Llysine-treated (Sigma-Aldrich) 24-well plates (Corning ® Life Sciences, Corning, NY, USA). Media was changed to Neurobasal (#21003-049; Invitrogen, Carlsbad, CA, USA) supplemented with B-27 (#17504-044; Invitrogen) the following day and every second day thereafter for 7 days.
Oxygen-Glucose Deprivation (OGD) Experiment
HUCB Cell Preparation. Just prior to the OGD experiment, cryopreserved HUCB mononuclear cells (AllCells, LLC, Alameda, CA, USA) were thawed in a 37°C water bath and then washed twice in 10 ml PBS (136.9 mM NaCl, 2.7 mM KCl, 10.1 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4)/100 ml DNase (1 mg/ml, #D4527-40KU; SigmaAldrich). The number of viable cells was determined using the trypan blue exclusion method (Sigma-Aldrich). Cell viability generally ranged from 80% to 90%. Neurons in experimental groups requiring the OGD conditions were cultured either alone or in a coculture with HUCB cells.
OGD. The OGD environment was created by deoxygenated sugar-free medium, Neurobasal-A (#05-0128DJ; Gibco/Invitrogen) bubbling with N 2 /CO 2 (95%/5%; Airgas, Tampa, FL, USA) for 20 min. Media was replaced from cells undergoing OGD with the flashed media. An additional 400 µl of flashed media was added to cell culture inserts (0.2 µm, 10 mm, #136935; Nunc, Penfield, NY, USA) aseptically placed into the plate wells. In the OGD + HUCB group, freshly thawed HUCB cells were added to the top of the insert at a concentration of 1 × 10 6 cells/cm 2 . The culture plate was then placed in an airtight hypoxic chamber (Billups-Rothenberg, Del Mar, CA, USA) that was flashed with the 95% N 2 /5% CO 2 gas mixture for 10 min and sealed off from the ambient air. The experiments were conducted in a constant 37°C environment by placing the chambers in a water-jacketed incubator for 20 h. For inhibition of Akt/MAPK, the same experimental procedures were performed except Akt inhibitor IV (Akti, 1.67 µl/ml, #124011; Calbiochem, Torrey Pines, CA, USA) and MAPK inhibitor U0126 (MAPKi, 1 µl/ml, #9903; Cell Signaling Technology, Danvers, MA, USA) were added to the media. Media with inhibitors (4 ml) was evenly split in the well and the insert.
Fluorescein Diacetate/Propidium Iodide (FDA-PI) Assay
Assay mixture was made by adding 5 µl of FDA stock solution (5 mg/ml in acetone, #F1303; Invitrogen, Fisher Scientific) and 2 µl of PI working solution (0.02 mg/ml in PBS, #P1304MP; Invitrogen). The mixture was added to each well and incubated at 4°C for 5 min. The cultures were then photographed under an Olympus inverted fluorescence microscope, and the number of living (FDA positive: green) and dead (PI positive: red) cells were counted using Image Pro II software (Media Cybernetics, Rockville, MD, USA). A minimum of five photographs were taken per condition.
RNA Preparation
Cells were washed three times with ice-cold phosphatebuffered saline and lysed with 350 µl of RNeasy Lysis Buffer (#79216; Qiagen, Germantown, MD, USA). Cell lysate was collected and pipetted into 1.5-ml microcentrifuge (#74104; Qiagen) tubes and stored in a −80°C freezer. RNA was isolated from each sample according to the manufacturer's protocol, using the RNeasy mini kit (#74104; Qiagen). The RNA samples were then frozen and stored at −80°C. The RNA was quantified by spectrophotometry (Fisher Scientific) at 260 nm, and the optical density (OD) was determined by the 260/280 ratio. The OD of the RNA was between 1.84 and 2.45. First-strand cDNA synthesis was performed with an Affinity Script QPCR cDNA Synthesis kit (Cat. No. 600559; Stratagene, La Jolla, CA, USA).
Gene Array
Gene chip microarray analysis was performed by the H. Lee Moffitt Cancer Center microarray core facility utilizing a GeneChip 3000 Scanner and a GCOS 1.4 with the Affymetrix MAS 5.0 algorithm to generate signal intensities, as well as a GeneChip Rat Genome 230 2.0 Array (Affymetrix, Santa Clara, CA, USA). Normalized microarray data were populated within a Microsoft Excel spreadsheet (Redmond, WA, USA), and neuronal gene expression was compared between cultures exposed to HUCB cells in OGD conditions and normoxic conditions. Genes with ³1.5-fold increases and signal intensities more than 100 were identified for further investigation.
Confirmation of Gene Changes by Quantitative Reverse Transcriptase PCR (qRT-PCR)
When expression increased by ³1.5-fold in the HUCBtreated cells, we confirmed gene expression using RT-PCR. In this study, the profiled genes included genes known to be associated with inflammation and the immune response. All primers were purchased from SABioscience (Frederick, MD; sequences are proprietary). They were glycine receptor, b subunit (Glrb); cytochrome p450, family 3, subfamily a, polypeptide 23/polypeptide 1 (Cyp3a23/3a1); peroxiredoxin 5 (Prdx5); protein tyrosine phosphatase, receptor type, O (Ptpro); chemokine (C-C motif) ligand 2 (CCL2); chemokine (C-C motif) ligand 20; vascular cell adhesion molecule 1 (Vcam1); activating transcription factor 2 (Atf2); myotrophin (Mtpn); protein phosphatase 3, catalytic subunit, b isoform (Ppp3cb); glutaredoxin 1 (Glrx1); kelch-like ECH-associated protein 1 (Keap1); contactin 4 (Cntn4); doublecortin (Dcx); thymoma viral proto-oncogene 3 (Akt3); activated leukocyte cell adhesion molecule (Alcam); olfactomedin 3 (Olfm3); chemokine (C-X-C motif) ligand 1 (CXCL1; melanoma growth stimulating activity, alpha); paired box 6 (Pax6); doublecortin-like kinase 1 (Dclk1); protein phosphatase 3, regulatory subunit B, a isoform (calcineurin B, type I; Ppp3r1); neuronal growth regulator 1 (Negr1), and stathmin-like 4 (Stmn4). Briefly, total RNA (20 ng/µl) from each sample was reserve transcribed in the presence of poly(dT) sequences. Reactions were performed in a total volume of 20 µl containing 3 µl Oligo (dT) primers, 10 µl of cDNA Synthesis Master Mix (2´), 1 µl of Affinity Script RT/Rnase block enzyme mixture (Agilent Technologies, Santa Clara, CA, USA), and the balance RNAse-free H 2 O obtained from SABioscience (Frederick, MD, USA) and Integrated DNA Technologies (Coralvile, IA, USA). The amplification was carried out using the following cyclic parameters: 1) 5-min incubation at 25°C for primer annealing; 2) 15 min at 42°C for cDNA synthesis; and 3) 5 min at 95°C to terminate the cDNA synthesis reaction (AffinityScript QPCR cDNA Synthesis Kit). Each PCR experimental reaction (25 µl) contained 1 µl of cDNA synthesis, 12.5 µl of Sybr Green QPCR Master Mix (Stratagene), and 2 µl of forward and reverse primers.The amplification protocol consisted of one cycle of 15 min at 95°C; 40 cycles of 30 s at 55°C; and one cycle of 30 s at 72°C. Data were expressed as a function of the threshold cycle (Ct). The formula used to calculate the relative gene expression level was:
where GOI is each gene of interest, and HKG is the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GADPH). Changes in gene expression were expressed as a fold increase/decrease. The threshold for qualification as expression-determining induction was a 1.5-fold change. Genes that met the above criteria were further categorized as either upregulated or downregulated. Experiments were performed in duplicate.
Promoter Analysis-Transcription Factor Binding Sites
Accession numbers for the mRNA sequences of genes induced by HUCB cells were imported into the Genomatix software (Ann Arbor, MI, USA) program. The promoter sequences of the genes were then retrieved using the Genomatix Gene2Promoter program. Promoter regions common in selected genes were identified and further analyzed for common transcription factor binding sites (TFBS).
Animal Housing and Maintenance
A total of 10 adult male Sprague-Dawley rats (n = 5 per control or HUCB-treated group; Harlan Laboratories) were kept in continuous 12-h dark/light cycles in a temperature-controlled room with water and chow ad libidum. All experiments were conducted in accordance with the recommendations in the guide for the use of experimental animals from the National Institutes of Health. Animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee at the University of South Florida Morsani College of Medicine.
MCAO Surgery and HUCB Injection
MCAO surgeries were performed as described previously (78). Briefly, the common carotid artery was carefully isolated from the vagus nerve. Two closely spaced permanent knots were placed at the distal part of the ECA and incised using microscissors. A filament was inserted through the ECA into the internal carotid artery and advanced carefully to the origin of the middle cerebral artery. Afterward, the monofilament was ligated permanently, and the neck incision was closed using surgical suture. HUCB cells were thawed rapidly at 37°C and transferred slowly into 10 ml of PBS with100 ml DNase (1 mg/ml, #D4527-40KU; SigmaAldrich). The cells were then centrifuged for 10 min at 200 × g, and the supernatant was removed. The trypan blue dye exclusion method was used in order to determine the number of viable cells (Sigma-Aldrich). Rats were injected with 1 × 10 6 HUCB cells in a volume of 500 µl of PBS through the penile vein 48 h after the MCAO surgery.
Immunohistochemistry
Following OGD, cells were washed several times with PBS and fixed for 10 min with 4% paraformaldehyde (Fisher Scientific). Cells were then incubated in 5% donkey serum (LAMPIRE Biological Laboratories, Inc., Ottsville, PA, USA) in phosphate-buffered saline with 0.05% Tween®-20 (Sigma-Aldrich) for 1 h to permeabilize the cells and block nonspecific protein. The cells were then incubated overnight with the appropriate primary antibodies including phospho-Akt (1:200; Cell Signaling) and mouse monoclonal anti-peroxiredoxin 5 (Prdx5) (1:80; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) overnight at 4°C. The secondary antibodies were Alexa Fluor ® 488 donkey anti-rabbit (green) and Alexa Fluor ® 594 (red) donkey anti-mouse (Invitrogen) were used at a 1:1,000 dilution for 1 h. DAPI was used to stain the cell nuclei (Vector Laboratories, Burlingame, CA, USA). Rats were perfused transcardially with 0.1 M PBS followed by 4% paraformaldehyde (Fisher Scientific) in PBS for 24 h and then equilibrated in 30% sucrose for an additional 24 h. Brains were cut into 30-µm coronal sections using a Micro cryostat (Hacker Instruments & Industries, Inc., Winnsboro, SC, USA) and mounted on slides. Several rinses in PBS were followed by incubation in PBS/0.1% Triton X-100 (Sigma-Aldrich)/3% normal goat serum (LAMPIRE Biological Laboratories, Inc.) for 1 h and incubated overnight with the appropriate primary antibodies anti-Prdx5 (1:100; Santa Cruz Biotechnology, Inc.) and anti-Cxcl1 (1:250, #AF-515-NA; R&D Systems, Minneapolis, MN, USA) in PBS at 4°C. The following day slides were washed and incubated for 1 h in biotinylated goat anti-rat antibody (1:500; Invitrogen), then washed 3 × 10 min before 1 h incubation in avidinbiotin complex (ABC kit; Vector Laboratories). Then slides were incubated in DAB (diaminobenzidine; Fisher Scientific) solution for 2-10 min. Slides were then dried, dehydrated through a graded alcohol series into xylene, and coverslipped with Permount mounting medium (360294H; BDH/VWR, Radnor, PA, USA). Five images in the region around the ischemic core in the ipsilateral hemisphere and the corresponding fields from the contralateral hemisphere were captured using an Olympus IX71 microscope, and positive staining was counted using ImageJ software (NIH, Bethesda, MD, USA).
Statistical Analysis
All data were expressed as mean ± SEM. The cell culture survival, microarray, and Prdx5 immunolabeling studies were analyzed using analysis of variance (ANOVA) with Bonferroni post hoc comparisons. The in vivo studies were analyzed with Students' t-test for independent samples to assess significance. Alpha levels were set at 0.05 for all analyses. The GraphPad Prism 5.01 software (GraphPad Software, San Diego, CA, USA) was used for all data analysis.
RESULTS
Coculturing HUCB Cells Rescued Neuronal Loss Following OGD
Primary cortical neuron cultures obtained from E18 Sprague-Dawley rat embryos were exposed to either 20 h of normoxic or OGD conditions in the presence or absence of HUCB cells (Fig. 1) . Survival of neurons cocultured with HUCB cells under normoxic conditions was not different from neurons cultured alone (p > 0.05) (Fig. 1A , B, E). OGD induced neuronal loss (Fig. 1C) . When the number of living and dead cells were quantified in each condition, there were significant differences between the groups [F(3, 16) = 11, p = 0.0003] (Fig. 1C, E) . Under OGD conditions, HUCB cells significantly rescued neuronal loss (cell viability = 56 ± 6.45%) (Fig. 1D , E) compared to cultures of neurons alone (cell viability = 31 ± 6.07%) (p < 0.01).
Blocking Akt Activity Prevents HUCB-Induced Neuronal Protection After OGD
We also examined in culture whether the neuroprotective effects of HUCB cells could be blocked by inhibiting Akt or MAPK signal transduction pathways by comparing neuronal cell viability after OGD, OGD with HUCB cells, OGD with HUCB cells and Akt inhibitor, and OGD with HUCB cells and MAPK inhibitor (Fig. 2) . Cell viability between these four groups differed significantly [F(3, 11) = 8.663, p = 0.0031]. As expected, a significant loss of neurons was observed after exposure to OGD for 20 h (Fig. 2A) . HUCB treatment significantly improved the survival of neurons compared with neurons exposed to OGD (p < 0.001) (Fig. 2B, E) . Interestingly, inhibition of the Akt pathway led to an extensive neuronal death even in the presence of HUCB cells (Fig. 2C, E) , but Akt inhibitor administered in conjunction with OGD did not decrease cell survival over that observed with just OGD alone. We also replicated the study under normoxic conditions (Fig. 2F ). Under these culture conditions, Akt inhibition significantly decreased neuronal survival from 77.4 ± 2.8 in the untreated culture to 47.5 ± 1.9 (p < 0.05). While HUCB cells did not significantly increase cell survival compared to the untreated cultures (89.9 ± 1.6), cell survival significantly decreased when Akti was added to the neuron-HUCB cell coculture (53.2 ± 3.3, p < 0.01), which was similar to survival in the Akti-only group. These results demonstrate that the Akt pathway has an important role in OGD conditions, and it may be the major pathway of HUCB-mediated neuroprotection in the OGD condition.
In contrast to Akt inhibition, MAPK inhibition had no significant effect on neuronal survival in normoxic or OGD conditions (Fig. 2D-F) .
HUCB in Neuronal Cultures Induced the Expression of Genes Related to the Immune-Inflammatory Response
Microarray analysis was performed to evaluate changes in gene expression following OGD exposure. Under normoxic conditions, 64 genes were found to be induced by the presence of HUCB cells; these genes are known to be important in the detoxification, immunogenic, cell trafficking, and signaling pathways (Table 1) . Thirteen genes were identified as transcription factors associated with growth factor signaling, particularly nerve growth factor (NGF). The signaling group also contained a number of cell survival-related genes. In OGD conditions, 84 genes were found to be induced in neurons in the presence of HUCB cells. The groupings of these genes and individual genes deviated from those detected in the normoxia experiment. In fact, only one gene, myotropin, appeared on both lists. Genes related to detoxification and signaling were those with the greatest changes in the OGD group. 
qRT-PCR Confirms the Immune-Inflammatory Gene Expression in Neurons In Vitro
The 23 genes selected for confirmation by qRT-PCR were Glrb, Cyp3A23/3a1, Prdx5, Ptpro, CCL2, CCL20, Vcam1, Atf2, Mtpn, Ppp3r1, Glrx1, Keap1, Cntn4, Dcx, Akt3, Alcam1, Olfm3, Cxcl1, Pax6, Dclk1, Ppp3r1, Negr1, and Stmn4. When different treatment groups were normalized to OGD, Prdx5, Vcam1, and CCL20 were significantly induced in neurons treated with HUCB cells under normoxic conditions (p < 0.05) (Fig. 3A-C ). There were no significant differences in expression of these three factors between the OGD HUCB-treated group Figure 2 . HUCB cell-mediated neuroprotection depends on activation of the Akt signaling pathway. Significant neuronal loss was observed in neurons exposed to OGD (A). HUCB cell treatment rescued neuronal loss (B), while HUCB cells lose their neuroprotective effects after adding Akt inhibitor (Akti; Akt inhibitor IV) into the culture media (C). Addition of mitogen-activated protein kinase (MAPK) inhibitor (MAPKi; MAPK inhibitor U0126) failed to influence HUCB cell-mediated neuronal protection (D). When the percent survival of neurons under OGD conditions was calculated (E), Akt and MAPK inhibitors did not alter survival compared to OGD alone, but HUCB cells significantly increased survival. Akt inhibitor added to neuronal-HUCB cell cocultures significantly decreased cell survival. In normoxic cultures (F), the Akt inhibitor decreased cell survival in neuronal cultures with and without HUCB cells. *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar: 100 µm. compared to the OGD-alone groups (p > 0.05). Under OGD conditions, Cxcl1, Alcam1, and Pax6 tended to be increased compared to normoxia. HUCB cells significantly decreased expression of Alcam1 and Pax6 genes that were increased by OGD alone (p < 0.05) (Fig. 3E,  F) . Although expression of Cxcl1 was not statistically significant, there was a tendency for decreased expression of Cxcl1 in neurons treated with HUCB under OGD condition (Fig. 3D) . HUCB induced expression of other genes, including Ptpro, Cntn4, and Glrb, both under normoxic and OGD conditions and decreased expression of Keap1; these results also failed to reach a statistically significant level.
Common Transcription Factor Binding Sites (TFBSs) Were Identified in HUCB-Treated Neurons
Gene expression is mediated by transcription factors, and a single transcription factor frequently binds regulatory regions of different genes (19,41). To identify shared TFBSs, the promoter region of genes altered in neuron coculturing with HUCB cells subsequent to OGD were analyzed by Genomatix software. The following common TFBSs were identified: heat shock factor 1(Hsf1), myeloid zinc finger protein (MZF1), zinc finger transcription factor (MyT1), cut-like homeodomain protein (Cux1), T-cellspecific transcription factor/lymphoid enhancer-binding factor 1 (TCF/LEF-1), and nuclear factor of activated T-cells 5 (Nfat5); most of these TFBSs are involved in protective mechanisms against the deleterious consequences of ischemia-induced oxidative stress. These results indicate that genes upregulated by HUCB following OGD share this common signaling pathway (Table 2) .
Protein Expression of Genes Modulated by HUCB Cells In Vitro Is Altered in Rat Brain After MCAO
While the changes in gene expression in vitro are suggestive of what is likely to occur in vivo, the simplified nature of the in vitro model system may not accurately reflect gene and protein expression in vivo. For that reason, we performed an additional study in the rat permanent MCAO model of stroke to determine if protein expression of two of the identified factors (Prdx5 and Cxcl1) changed after treatment with HUCB cells. A total of 10 rats (n = 5 per group) were used for this experiment. Immunostaining of rat brain sections for Prdx5 and Cxcl1 was performed subsequent to MCAO and HUCB cell treatment to determine protein expression. After MCAO, Prdx5-positive cells were present in the infarcted hemisphere (Fig. 4A ). Rats treated with HUCB cells 48 h after MCAO demonstrated a significant increase in the number of Prdx5-positive cells (Fig. 4B, C) . In contrast, there were many Cxcl1-positive cells around the infarct after MCAO (Fig. 4D) , and HUCB treatment significantly reduced expression of this chemokine (Fig. 4E, F) in the ipsilateral hemisphere. Immunoreactivity was localized predominantly in the ipsilateral hemisphere. Five fields around the infarct core and corresponding hemisphere were randomly chosen, and the average positive staining was quantified using ImageJ software.
Upregulation of Prdx5 in the Neurons by HUCB After OGD Was Linked With Akt Signaling Pathway
To further investigate the molecular mechanism of HUCB cells on neuronal survival, we investigated the role of Akt or MAPK signaling pathways for the induction of Prdx5 by HUCB cells. The Akt pathway inhibitor IV and MAPK pathway inhibitor U0126 were used to confirm our results. We found that HUCB cells induced Prdx5 expression in the neurons after OGD, and blockade of the Akt pathway significantly reduced HUCB-mediated Prdx5 induction [F(3, 11) = 6.4, p = 0.0163] (Fig. 5) . On the other hand, blocking the MAPK pathway had no influence on HUCB-mediated Prdx5 induction. Confocal images revealed that HUCB induced expression of phospho-Akt in neurons after OGD, which was colocalized with Prdx5 protein (Fig. 5F-H) . Thus, neurons containing phosphoAkt colocalization with Prdx5 suggest that activation of this kinase increased transcription of the Prdx5 gene. These results suggested that PI3K/Akt pathway is involved in HUCB-induced neuronal survival.
DISCUSSION
It has been shown extensively that cerebral ischemia alters gene expression (27, 32, 36) . We have determined that HUCB cells confer neuroprotection by modification of the neuronal gene expression profile. Genes involved in the inflammatory response were significantly altered by HUCB treatment, including Prdx5, Vcam1, CCL20, Alcam1, and Pax6. Furthermore, we demonstrated that the PI3K/Akt signaling pathway plays a critical role in HUCB-mediated neuroprotection in both the in vitro OGD model and the in vivo rat stroke model. We observed that inhibition of Akt significantly abolished the neuroprotective effect of HUCB, while inhibition of the MAPK failed to exert any significant influence. Also, the presence of HUCB cells induced the antioxidant Prdx5 protein in neurons, and this was dependent on Akt activity. Thus, our results reveal the key mediators within the signaling cascade and genomic effectors of neuroprotection by HUCB cells, which provides insight into novel therapeutic strategies for stroke and other forms of brain injury. Our main goal with this study was to identify the signaling pathways in neurons following cerebral ischemia that are modulated by the HUCB cells. Our group previously showed that the presence of HUCB cells promotes the expression of myelin-associated and antioxidant genes in cultured primary oligodendrocytes exposed to OGD (64). Subsequent study has extended this basic finding, showing that soluble factors released from HUCB cells increased Prx4 expression, thereby protecting oligodendrocytes through Akt signal transduction (64). Here we utilized both in vitro and in vivo models of stroke to determine whether the activation of Akt kinase is a pivotal transducer in HUCB-induced neuronal protection following ischemia. The roles of the Akt and MAPK signaling pathways on neuronal survival have been investigated extensively (20, 26, 34, 40) . The levels of both kinases increased within 1 to 3 h poststroke with a peak at 1 h (43). As levels of Akt and MAPK were decreased by 24 h after MCAO, a valid approach for stroke treatment would be to extend their activation beyond 24 h with HUCB cell administration. Our observations in this study indicated that soluble factors released from HUCB cells facilitated protection from hypoxia-induced cell death in rat primary cortical neurons. This is consistent with our previous work in which we showed that the HUCB cells produce a myriad of growth factors including the neurotrophin nerve growth factor b (NGF), brain-derived neurotrophic factor, and neurotrophin 3, as well as ciliary neurotropic factor, platelet-derived growth factor BB, vascular endothelial growth factor, stromal-derived growth factor, granulocyte colony-stimulating factor, and granulocyte-macrophage colony-stimulating factor (13). Other research groups have confirmed that the cells produce NGF (8) as well as fibroblast growth factor 2 (3) and insulin-like growth factor-1 (35, 69, 90) . The effects of many of these neurotrophins and growth factors are mediated by the Akt signaling pathway (33, 44, 67, 72, 88, 89, 91) .
The nervous system is more vulnerable to the deleterious effects of free oxygen radicals and other reactive oxygen species than other organ systems; moreover, the brain is relatively deficient in antioxidant species, with lower activity of glutathione peroxidase in comparison with other organs (25,70). Extensive evidence from experimental studies supports a crucial role of free radicals and the protective role of the peroxiredoxin family in the pathogenesis of stroke (15, 52, 87) and other neurological disorders involving oxidative and inflammatory stress (6, 39, 92) . Prdx5 is an antioxidant enzyme expressed in the cytosol, mitochondria, nuclei, and peroxisomes whose primary function is the reduction of hydrogen peroxide (5, 37, 92) . Recent evidence supports a significant role of Prdx5 in the regulation of mitochondrial ion transport and the mitochondrial pathway of apoptosis (38), microglial activation through modulation of ROS/NO generation and activation of JNK signaling (73). The knockdown of Prdx5 accelerates microglial activation leading to increased production of ROS. Systemic administration of recombinant Prdx5 provided protection against ibotenate-induced excitotoxic stress and reduced the brain infarction in newborn mice (59). One study showed that infarct volume and neurological recovery strongly correlates with the low plasma antioxidant activity in stroke (75). In fact, stroke severity appears linked to the antioxidant activity of plasma. One report found that Prdx5 concentrations were lower in patients with more severe strokes and inversely correlated to biomarkers of systemic inflammation (39). This finding implies that Prdx5 is either degraded or its production is impaired in severe stroke. In our study, we found a significant increase in Prdx5 expression in HUCB cell-treated neurons in comparison with the nontreated group under normoxic conditions in vitro and after MCAO in vivo. These differences in results between the different model systems highlight the necessity of verifying cell culture studies in the whole animal.
Oxidative stress reduces phosphorylation of Akt in neurons, while neuroprotective substances increase Akt phosphorylation (85). Akt phosphorylation also protects astrocytes (21) and oligodendrocytes (2) from oxidative stress-induced cell death. It has been reported that Akt maintains Prdx activity by phosphorylating FOXO and preventing transcription of Prdx inhibitors (47). Also, the MAPK pathway plays a significant role in expression of Prdx5 in activated macrophages stimulated by IFN-g or by LPS (1). Thus, Prdx5 may constitute an important component of the antioxidant effect of HUCB cells and may be a candidate for therapeutic targeting of oxidative stress in stroke.This is consistent with the work of ArienZakay et al., who found a 95% decrease in free radicals in a neuronal culture treated with HUCB cells (3).
Further, we have observed genes associated with angiogenesis, such as Vcam1, induced by HUCB cell treatment. An increased blood flow in the ischemic area within a few days after stroke has been reported, suggesting that angiogenesis occurs and may be crucial for neurological recovery. It was demonstrated that interaction of the leukocyte with very late antigen-4 (VLA-4) of Vcam1 is crucial for cerebral extravasation of lymphocytes (58). Recently, it was reported that inhibition of the VLA-4-Vcam1 axis by gene silencing of the VLA-4 reduced infarct volume and postischemic neuroinflammation (45). However, it was previously reported that there was no beneficial effects of blocking Vcam1 in protecting ischemic damage in both rats and mice (31), suggesting Vcam1 induction is not sufficient to induce T-cell trafficking into the brain parenchyma. Overexpression of Vcam1 may recruit leukocytes to the ischemic region and enhance inflammation, which always accompanies angiogenesis (86). A study that investigated the regulation of endothelial adhesion molecules found that Vcam1 expression was regulated through a negative regulation of PI3K/Akt/GSK-3b/GATA-6 pathway (77). Further, it was reported that rapamycin reduced endothelial expression of TNF-induced Vcam1 through activation of the MAPK pathway (81). Thus, HUCBinduced Vcam1 may be the key coordinator to organize inflammation and angiogenesis in the ischemic organ through recruiting inflammatory cells (13).
Chemokine synthesis subsequent to acute brain injury presents a novel target for anti-inflammatory treatment. Stroke elicits a peripheral immune response, which is likely also a useful target for anti-inflammatory factors induced by HUCB cells. Cxcl1/CINC-1/GRO-1, the rat equivalent of human interleukin-8 (IL-8), acts as a neutrophil chemoattractant and plays a role in the acute phase inflammatory response. It has previously been shown that IL-8 increases in the striatal, hippocampal, and frontal cortex of ischemic rat brain, peaking at 24-72 h postischemia compared with nonstroked tissue (55). In this study, we observed a significant reduction of Cxcl1 reduction in the rat brain treated with HUCB cells after MCAO. High levels of Cxcl1 accumulate in the brain of activated polymorphonuclear leukocytes, which can contribute to tissue damage by physically obstructing vessels and by releasing various bioactive mediators (80). Alcam1, also referred to as CD166, is a member of the immunoglobulin superfamily (IgSF) and attracts and recruits leukocytes into the site of inflammation. Alcam1 is widely expressed in various cells, including neurons, epithelial cells, fibroblasts, lymphoid, and myeloid cells (74). Alcam1 is upregulated during neuroinflammation and replaces Vcam1 during transmigration of leukocytes across central nervous system endothelium (10). It was recently reported that there was increased long-term mortality in patients with high levels of Alcam1 at admission for acute ischemic stroke (71), which therefore could be a potential prognostic biomarker for acute ischemic stroke (57). Here we found a decreased expression of Alcam1 in the rat cortical cells treated with HUCB cells in an OGD model.
In this study, we have also analyzed the promoter regions of the genes induced by HUCB cells; we found common TFBSs, including Hsf1, MZF1, Cux1, Nfat5, and TCF/LEF-1. Determination of TFBS is important in order to identify key transcription factors and their corresponding intracellular signaling pathways. Hsf1, a molecular chaperone, regulates the synthesis of heat shock proteins (HSP), has specialized functions in protective mechanisms against deleterious consequences of oxidative stress (16, 22) . Cerebral ischemia induces formation of reactive oxygen species (ROS), causing intracellular protein aggregation (14) . It has been demonstrated that adenoviral-mediated gene transfer for major HSP70 overexpression reduces cerebral infarction by preventing intracellular proteins from denaturation that occur in response to oxidative stress (16,61). The zinc finger protein, MZF1, is a regulator protein that plays a crucial role in cell proliferation (23). MZF1 was also identified as a transcriptionregulating gene induced in oligodendrocytes exposed to HUCB and OGD (64) . MZF1 has been shown to increase FGF-2 protein expression in astrocytes (49). It has not been determined if oxidative stress modulates Cux1 expression; however, in pancreatic cancer cells, Akt induces Cux1 expression, decreasing apoptosis and increasing tumor growth (62). NFAT expression is increased in response to metal-induced generation of ROS (29). Thus, soluble factors from HUCB cells likely protect neurons by limiting oxidative damage. While not all these transcription factors are usually considered downstream targets of Akt, Akt can interact with most of them. For example, the common pathway of NFAT activation is through calcium and calcineurin signaling. However, NFAT is also targeted by the Wnt/b-catenin signaling pathway. Indeed, GSK-3b inhibition activates NFAT (60), TCF/Lef-1 (50), and Hsf1(4,7). GSK-3b is a downstream target of Akt. As such, Akt inhibits GSK-3b with the end result being activation of these transcription factors. Thus, clinical manipulation of the signaling pathways of HUCB cell-mediated neuroprotection may lead to therapeutic improvements to prevent or reduce the incidence of cerebral ischemia.
CONCLUSION
Our study demonstrates that HUCB cells rescued neuronal loss after OGD via increasing transcription of genes related to survival and repair and inhibiting those related to cellular death and inflammation. These neuroprotective effects are mediated through the release of soluble factors from HUCB cells. The neurosurvival action of the secretants is transduced through Akt signaling to ramp up transcription of Prdx5 and other survival-associated genes while inhibiting genes such as Cxc11 that play a detrimental role in ischemic injury. Overall, the combined sources of evidence in this study suggest that HUCB cells exert their anti-inflammatory effects in stroke via the suppression of the induced peripheral inflammatory response and play a critical role maintaining blood-brain barrier function and leucocyte trafficking into the cerebral microvasculature. The mechanisms through which these genes prevent cell death could be a key etiological factor common to many neurodegenerative conditions, providing a simple and unifying concept to explain ischemic events in the brain.
